We perform 2-D finite-difference calculations of mode II rupture along a bimaterial interface governed by slip-weakening friction, with the goal of clarifying rupture properties and the conditions leading to the development of unilateral wrinkle-like pulses. The simulations begin with an imposed bilateral rupture in a limited source region. Rupture properties outside the imposed source are examined for ranges of values of the degree of material contrast γ across the fault, the difference between static f s and dynamic f d coefficients of friction, and the difference between static friction and initial shear stress. The results show that mode II rupture evolves with propagation distance along a bimaterial interface, for broad ranges of realistic conditions, to a unilateral wrinkle-like pulse in the direction of slip on the compliant side of the fault. These conditions span in our calculations the ranges f s − f d < 0.4 and γ > 2-5 per cent. When the difference between the static friction and initial shear stress is smaller, the evolution to unilateral wrinkle-like pulses occurs for smaller values of γ . The amount of slip increases with propagation distance, due to the incorporation of slip-weakening friction, in contrast to earlier results based on Coulomb and Prakash-Clifton friction laws with slipindependent coefficient. In all cases leading to wrinkle-like pulses, the rupture velocity in the preferred (+) propagation direction is V + r ≈ C GR , where C GR is the generalized Rayleigh wave speed. Simulations with imposed rupture speed in the source region close to the slower P wave speed P − can excite, in addition to the primary wrinkle-like pulse in the preferred direction with V + r ≈ C GR , a weak pulse in the opposite (−) direction with V − r ≈ P − . In some cases leading to bilateral crack-like propagation (e.g. f s − f d = 0.7), the rupture velocities in the opposite directions are V + r ≈ P + (the faster P wave speed) and V − r ≈ P − , with the initial supershear crack front in the + direction followed by a pulse with V + r ≈ C GR .
I N T RO D U C T I O N
Plate boundaries and other major fault zone structures have bimaterial interfaces that separate different solids. Such interfaces are created by large motion across major faults and cumulative production of rock damage associated with the faulting process (e.g. Ben-Zion & Sammis 2003, and references therein). For example, seismic imaging studies based on body waves (e.g. Eberhart-Phillips & Michael 1998; Fuis et al. 2003; Thurber et al. 2004; Shapiro et al. 2005) and head waves that refract along bimaterial interfaces in fault zone structures (Ben-Zion & Malin 1991; Ben-Zion et al. 1992; McGuire & Ben-Zion 2005) indicate that the contrast of seismic velocities at various locations across the San Andreas fault is about 5-30 per cent.
Theoretical works indicate that mode II ruptures along a frictional bimaterial interface between linear elastic solids produce dynamic changes of normal stress on the fault that depend on the slip function, material properties and direction of rupture propagation (e.g. Weertman 1980; Adams 1995; Ben-Zion 2001; Ranjith & Rice 2001) . When subsonic rupture propagates in the direction of slip on the compliant side of the fault (referred to below as the positive direction), there is a dynamic reduction of normal stress across the fault, whereas for rupture propagation in the opposite direction (referred to as the negative direction) there is a dynamic increase of normal stress. The magnitudes of these effects increase with the propagation velocity and the degree of material contrast across the fault, up to the largest contrast for which the generalized Rayleigh wave speed C GR exists. For typical contrasts of rock densities and Poisson ratios, C GR exists up to S-wave velocity contrasts of about 30-40 per cent and is slightly below the slower S wave speed (e.g. Weertman 1963; Achenbach & Epstein 1967; Ben-Zion 2001; Ranjith & Rice 2001) . In addition, the dynamic changes of normal stress increase with propagation distance along the bimaterial interface due to a dynamic instability (e.g. Adams 1995 Adams , 1998 Ranjith & Rice 2001 ) that produces a continual transfer of energy to shorter wavelengths during rupture propagation (e.g. Ben-Zion & Huang 2002) . The observed contrasts of seismic velocities across major faults fall in the range (e.g. 10-30 per cent) for which the bimaterial effects are prominent. Andrews & Ben-Zion (1997) , Ben-Zion & Andrews (1998) , Cochard & Rice (2000) and Ben-Zion & Huang (2002) performed numerical simulations of ruptures along a bimaterial interface governed by Coulomb and regularized Prakash-Clifton friction laws, with slip-independent friction coefficient, between two linear elastic solids. The calculations have shown, in agreement with the above analytical works, that mode II rupture along a bimaterial interface propagates for broad ranges of conditions in a self-sustaining manner as a narrow 'wrinkle-like' pulse in the positive direction. In those studies the friction law is stable with respect to slip, and frictional failure occurs only due to dynamic changes of normal stress. This allows a clear focus on the effects the assumed fault zone structure has on dynamic rupture properties, without mixing the effects of different failure mechanisms. In such cases, the rupture evolves quickly to a unilateral pulse that propagates in the positive direction with a velocity close to C GR and a large dynamic reduction of normal stress at the propagating tip. During propagation in the positive direction, the slip velocity increases and the width of the rupture pulse decreases, while the amount of slip remains about constant along the fault.
Adams (2001), Ranjith & Rice (2001) and Cochard & Rice (2000) found that slip pulses with a velocity near the slower P wave speed P − can also propagate along a bimaterial interface with a constant friction coefficient in the negative direction. However, these pulses are more difficult to excite and considerably weaker than the primary wrinkle-like pulses in the positive direction. Harris & Day (1997) simulated ruptures along a bimaterial interface governed by a slipweakening friction and obtained bilateral crack-like solutions with overall slip duration comparable to rupture propagation time. The calculations of Harris & Day (1997) included artificial viscosity to reduce numerical oscillations. The artificial viscosity suppresses all short-wavelength features, and hence also the development of the wrinkle-like pulse. Many of the cases examined by Harris & Day (1997) have very large velocity contrasts for which C GR does not exist and, therefore, the bimaterial effects are reduced. For cases with a velocity contrast for which C GR is defined, their calculated crack-like ruptures were asymmetric with a sharper leading edge in the positive direction than in the negative one. The results in those cases resemble a crack solution with a superimposed wrinkle-like pulse at the crack tip in the positive direction. Brietzke & Ben-Zion (2005) simulated ruptures in structures with multiple possible failure planes, two of which are bimaterial interfaces on the opposite sides of a low-velocity fault zone layer, and found that ruptures tend to migrate spontaneously to the bimaterial interfaces. In some cases, slip pulses propagate simultaneously in the two different preferred directions on the opposite sides of the low-velocity layer, producing together an effective bilateral rupture. Anooshehpoor & Brune (1999) performed sliding experiments with two different foam rubber blocks and found that large ruptures propagate only in the positive direction, with properties compatible with the theoretical predictions for wrinkle-like slip pulses. They also observed some small events with different propagation directions and various transient properties. Xia et al. (2005) performed sliding experiments along a bimaterial interface for several loading configurations and obtained asymmetric bilateral ruptures. In all cases, the rupture fronts in the positive direction had stable properties that did not depend on the employed experimental conditions and propagated with a velocity close to C GR . In contrast, properties of ruptures in the negative direction varied from case to case, and had transient features (e.g. transition from sub-Rayleigh to near P − ) within given experiments. McGuire et al. (2002) and Henry & Das (2001) analysed rupture properties of over 100 large global earthquakes and found that most are predominantly unilateral. High-resolution locations of numerous small events on the San Andreas fault show a directional asymmetry (Rubin & Gillard 2000) that is compatible with a preferred propagation direction associated with the local velocity structure.
Ben-Zion & Shi (2005) simulated ruptures along a bimaterial interface governed by the regularized Prakash-Clifton friction in a model that includes spontaneous generation of damage in the bulk. The simulations produced, for ranges of plausible parameters, stable wrinkle-like rupture pulses in the positive direction. Damage was generated on the side of the fault with faster velocity, which is in the tensional quadrant of the radiated field for the positive propagation direction, in a strip of approximately constant width correlated with the slip velocity and pulse width. As noted by Ben-Zion & Shi (2005) , the cumulative effect of many such ruptures will produce asymmetric long-term damage pattern across the fault. Dor et al. (2006a,b) performed geological mapping of rock damage at several scales, ranging from 1 to 100 m, in the structures of the San Andreas, Punchbowl and San Jacinto faults in southern California. The results show considerably more damage on the crustal blocks that have faster seismic velocities based on available velocity models (Scott et al. 1994; Fuis et al. 2003; Lutter et al. 2004; Shapiro et al. 2005) . High-resolution imaging of the local velocity structure of the San Jacinto fault zone using seismic trapped waves indicates (Lewis et al. 2005 ) the existence of a 100-m-wide damaged fault zone rock in the top 3-5 km of the crust, with a similar sense of asymmetry as in the geological mapping of Dor et al. (2006a) .
The above observational results suggest that earthquake ruptures in large fault zones have a preferred propagation direction that is correlated with the velocity structure as predicted for wrinkle-like ruptures. As summarized by Ben-Zion (2001) , the dynamic properties of wrinkle-like rupture pulses can have important implications for effective constitutive laws, expected ground motion, rise time of earthquake slip, frictional heat, suppression of branching in large fault zone structures and various other issues of earthquake and fault mechanics. It is thus important to gain an improved understating of the conditions leading to such ruptures and obtain additional related laboratory and field observations. In this work we attempt to clarify properties of mode II rupture along a bimaterial interface governed by slip-weakening friction.
In the following sections we perform a systematic parameterspace study associated with different values of the difference between static and dynamic friction coefficients, different values of initial shear stress, and different degrees of material contrast across the fault. The results show that for broad ranges of realistic parameters the ruptures evolve with propagation distance, as in previous studies with the Coulomb and Prakash-Clifton friction laws, to unilateral wrinkle-like pulses that propagate in the positive direction with a velocity close to C GR . In the calculations with slip-weakening friction, the amount of slip associated with the wrinkle-like pulses grows with propagation distance, in contrast to the previous related results with slip-independent coefficient of friction. For differences between the static and dynamic coefficients of friction larger than about 0.5, rupture along the bimaterial interface propagates as a bilateral crack with a velocity (in both directions) close to C GR . Rupture pulses in the negative direction with velocity close to P velocity with a similar speed. In such cases, the simulated rupture pulse in the positive direction still propagates with a velocity close to C GR .
ANALYSIS

Model setup
We consider 2-D in-plane dynamic rupture problems (plane strain deformation, Mode II rupture) along a frictional interface at y = 0 between two linear isotropic elastic half spaces (Fig. 1a) . The calculations are carried out using a second-order finite-difference formulation with frictional sliding on the fault governed by the split-node sliding logic (e.g. Andrews 1999 ). The shear and dilatational wave velocities of the two solids are S i = √ μ i /ρ i and P i = (λ i + 2μ i )/ρ i , where ρ i is mass density and λ i , μ i are Lamé parameters, with subscripts i = 1 denoting the material below the interface (y < 0) and i = 2 the material above (y > 0). The degree of material contrast γ ≥ 0 across the interface is defined as 1 + γ = ρ 1 /ρ 2 = S 1 /S 2 = P 1 /P 2 . The initial stress components at the remote boundaries are
With these values, the initial maximum compressive principal stress direction is at 45
• to the fault plane. The simulations begin with initial shear stress that is below the static frictional level everywhere along the fault. As in Brietzke & Ben-Zion (2005) and Ben-Zion & Shi (2005) , ruptures are nucleated by increasing gradually the pore fluid pressure in two limited x − t domains that are symmetric about the origin. This leads to a symmetrically expanding slip in a limited nucleation zone centred at (x, y) = (0, 0). The boundaries of the imposed source are two ellipses (thick arrows near the origin) in the positive and
The pore pressure within these two elliptical regions is given by P f = σ
2 ), which rises smoothly from 0 at the ellipse boundaries to 1 at the ellipse centres. In all simulations we use a = 10 m, b = 60 m and in most cases the rupture velocity in the imposed source region is v = V force = 2475 m s −1 (about 0.9 the Rayleigh wave speed of the stiffer material). In Section 2.6, a higher value is used to facilitate the excitation of supershear ruptures.
Rupture propagation outside the imposed nucleation zone is governed by a slip-weakening friction (Fig. 1b) , where the friction coefficient drops linearly from a static value f s to a dynamic level f d over a characteristic slip distance D c . The size of the spatial region behind the rupture tip where the amount of slip reaches D c is referred to as the cohesive zone size X c . In dynamic rupture problems, X c shrinks due to a Lorentz-type contraction as the rupture speed accelerates to a limiting value, which in our case is the generalized Rayleigh wave speed C GR (Weertman 1980) . The values of material contrasts employed in this study are within the range for which C GR exists. As mentioned in the introduction, this range characterizes the contrast across natural faults. With a degree of material contrast in this range and slip-weakening friction, the Adams (1995) instability exists for all values of the friction coefficient (Ranjith & Rice 2001) , and the bimaterial effects increase with increasing degree of material contrast across the fault (Ben-Zion & Andrews 1998). The existence of the Adams (1995) instability in our calculations produces a transfer of energy to short wavelengths during rupture propagation, which reduces dynamically the width of the rupture pulse (e.g. Ben-Zion & Huang 2002) .
Proper numerical calculations require the usage of a grid size dx that is small enough to resolve the smallest existing physical length scale. For the problem at hand with evolving length scales, this is highly challenging and can be done at present only over a limited propagation distance. Based on preliminary numerical calculations, a grid size dx = 0.5 m was found to provide stable numerical results over a propagation range of 600 m for many sets of conditions. In some cases, the calculations develop strong numerical oscillations over that propagation distance and can be interpreted only tentatively. The numerical time step is dt = 0.48 √ 3dx/P + with P + being the faster P wave speed. In all calculations, P + = 5196.0 m s −1 and the numerical time step is 80 μs. Table 1 summarizes the parameters that are common to all the cases examined in the paper. As discussed by Brietzke & Ben-Zion (2005) , the inclusion of artificial viscosity can reduce the numerical oscillations (Harris & Day 1997) , but it may also suppress genuine small scale features and change additional aspects of the problem by absorbing energy. To avoid altering the physics in this problem, we do not include artificial viscosity in our simulations.
A homogeneous case
To provide a reference for comparison with results of rupture along a bimaterial interface, we first study properties of rupture in a homogeneous solid (γ = 0). The initial shear stress is τ ∞ = 66 MPa and the dynamic coefficient of friction is f d = 0.65. We note that the assumed difference f s − f d = 0.1 in this case is compatible with available data of rock friction (e.g. Dieterich 1978; Marone 1998) . Fig. 2(a) gives the calculated slip (top panel) and slip velocity (bottom panel) at different times and Fig. 2(b) shows the spatio-temporal evolution of the slip velocity along the fault. In this homogeneous case, there is no coupling between the slip and changes of normal stress on the fault and the rupture propagates, as expected, in a symmetric bilateral fashion. The dark blue regions in Fig. 2(b) are associated with the imposed source zone and weak rupture fronts generated by the radiated seismic waves. The main rupture fronts propagate in both directions with a velocity close to the generalized Rayleigh wave speed until they are arrested at ±3.8S from the origin, where S ∼ 60 m is the source size. Increasing the initial shear stress τ ∞ and/or using larger differences of f s -f d produce similar bilateral ruptures that propagate larger distances along the fault.
Corresponding cases with material contrast
When the fault is a bimaterial interface, spatial variations of slip produce changes of normal stress within the slip region (Weertman 1980) . For subsonic propagation, this creates dynamic dilatation at the rupture tip that propagates in the direction of slip on the compliant side of the fault, which is the positive x direction in our coordinate system, and dynamic compression at the rupture tip in the opposite direction. In this section we examine effects of material contrasts across the fault by using the same values of initial shear stress τ ∞ = 66 MPa and dynamic coefficient of friction f d = 0.65 as for the previous homogeneous case. In the following sections we consider variable values of τ ∞ and f d . Fig. 3(a) gives the slip and slip velocity along the fault for a 4 per cent material contrast across the interface. As seen, the symmetrically initiated bilateral rupture evolves after some propagation distance along the bimaterial interface to a unilateral rupture in the positive direction. The corresponding spatio-temporal evolution of slip velocity is plotted in Fig. 3(b) . Rupture in the positive direction propagates at a speed close to C GR , while rupture in the negative direction propagates at a slightly lower velocity. With the employed small γ = 0.04, f s − f d = 0.1 and initial stress configuration, the rupture dies in both directions. However, the rupture in the positive direction has larger propagation distance, larger slip and larger slip velocity.
When the degree of material contrast is increased to 5 per cent, the strength of the bimaterial effects increases, and the rupture asymmetry becomes more pronounced (Fig. 4) . In this case the rupture dies more quickly in the negative direction, while it continues to grow in the positive direction. With the employed frictional and stress properties, the bimaterial effects with γ = 0.05 are large enough to produce a self-sustaining unilateral rupture pulse in the positive direction. The rupture velocities in the two opposite directions for this and several other representative cases are listed in Table 2 . shows the evolution of the slip profiles along the fault for cases with 10 per cent contrast (top panel) and 20 per cent contrast (bottom panel). The asymmetry in the rupture properties for such cases is highly pronounced. Significantly, the amount of slip increases with propagation distance in the positive direction, in contrast to the results with a constant coefficient of friction (Andrews & Ben-Zion 1997; Ben-Zion & Andrews 1998 ). Owing to the limited propagation distance, the final slip in the bottom of Fig. 5 is only slightly larger than D o . However, it is clear that in this and similar cases leading to self-sustaining pulses in the positive direction, calculations over large propagation distances will produce unidirectional pulses with larger slip values.
One way of quantifying the degree of asymmetry of rupture properties is to show the maximum propagation distance in the two opposite directions for different sets of parameters. This is done in Fig. 6 with units of the imposed source size (S ∼ 60 m) for τ ∞ = 66 MPa, f s − f d = 0.65, and 0 ≤ γ ≤ 0.2. Cases in which the rupture in the positive direction becomes self-sustained are marked with the label 'Divergence'. As γ increases, the rupture in the negative direction is Table 2 . Rupture velocities for cases with different parameters.
Model parameters
Rupture velocity Notes: γ is the degree of material contrast, V + r and V − r are rupture velocities in the positive and negative directions, and C GR is the generalized Rayleigh wave speed. The symbol ' * ' denotes limit value of the rupture speed. arrested earlier, while it propagates farther in the positive direction and becomes self-sustained when the degree of contrast is between 4 and 5 per cent. The ratios of the maximum propagation distance in the positive direction divided by the corresponding distance in the negative direction are given in the inset. The curve in the inset shows clearly that the degree of rupture asymmetry grows rapidly with increasing contrast across the fault.
A more physical way of quantifying the degree of rupture asymmetry is to plot for various cases the scalar potency values (e.g. Ben-Zion 2003), given by the integral of slip over propagation distance, in both directions. This is done in the following sections, where we show results for cases with different values of dynamic coefficient of friction and initial stress.
Variable differences between static friction and initial shear stress
As the initial shear stress τ ∞ approaches the value of the static friction f s σ ∞ along the fault, the rupture can propagate, once initiated, for larger distances along the fault and with higher slip velocity. In the previous two sections, the difference f s σ ∞ − τ ∞ was 9 MPa. Here we keep the dynamic coefficient of friction f d = 0.65 as in the previous sections, while varying the difference f s σ ∞ − τ ∞ in the range 5-15 MPa. Fig. 7 shows the scalar potency values generated by ruptures in the positive (red lines) and negative (blue lines) directions for cases with different degrees of material contrast and initial shear stress values τ ∞ = 62 MPa, 65 MPa and 68 MPa. The corresponding ratios of potencies in the positive and negative directions are given in the inset. The short vertical dashed lines indicate the approximate values of material contrast for which the rupture distance and potency value become unbounded in the positive direction. The overall trends of potency values associated with the different cases are similar to the evolution of maximum propagation distances shown in Fig. 6 . With higher initial shear stress, the rupture propagates a larger distance in the negative direction before being arrested, and it becomes self-sustained (associated with unbounded propagation distance and potency) for a smaller degree of material contrast. For the cases examined in Fig. 7 , the rupture velocity is always close to C GR in the positive direction and somewhat slower in the negative direction (Table 2 ). In addition, simulations with larger initial shear stress produce more high-frequency numerical oscillations. This implies (as might be expected) that the Adams (1995) When the difference between the static strength and initial shear stress is 5 MPa, the rupture evolves to a unilateral propagation (with f s − f d = 0.1) for a material contrast that is as small as about 2 per cent. When the material contrast is about 10 per cent or larger (up to the value for which C GR exists), the rupture becomes unilateral for all examined cases of f s σ ∞ − τ ∞ . The transition from bilateral to unilateral rupture for different degrees of material contrast occurs in a zone that scales approximately linearly (over the range of calculated propagation distance) with the difference f s σ ∞ − τ ∞ .
Variable differences between the static and dynamic coefficients of friction
As shown in the previous sections, increasing degree of material contrast and increasing initial shear stress promote the development of self-sustaining wrinkle-like ruptures in the positive direction. Lager material contrast produces stronger dynamic reduction of normal stress at the propagating tip in the positive direction, while higher initial shear stress makes it easier for the rupture to continue to induce failure ahead. With a given source properties and maxi- mum propagation distance, the overall energetics of the rupture is controlled by the difference between the static and dynamic coefficients of friction. Increasing this difference produces a larger static stress drop, resulting in larger slip and potency values per rupture length. A large reduction of the friction coefficient (which occurs in both propagation directions) may overcome the dynamic increase of normal stress in the negative direction, and sustain the occurrence of bilateral ruptures over a given propagation distance and other conditions. For the calculations in this section, the initial shear stress is fixed (as in Sections 2.2, (Fig. 10c) , high-frequency oscillations become very prominent and the quality of the results degrades. The highfrequency oscillations reflect the presence of numerical noise, but may also be viewed as increasing sensitivity to a physical instability (e.g. Adams 1995; Ben-Zion 2001) , and hence an approaching transition to a different dynamic regime. The oscillations may be interpreted as a train of pulses in an evolutionary stage between dynamic regimes associated with pulse and crack modes of rupture (Coker et al. 2005) . This is supported by Figs 10(e) and (f), where larger values of f s − f d are seen to produce smaller amounts of highfrequency oscillations, and the slip velocities exhibit a transition from unilateral wrinkle-like pulses to bilateral crack-like ruptures. . Spatio-temporal evolution of slip velocity for a case with f s − f d = 0.7. Supershear crack fronts propagate in both directions with velocities close to the P wave speed. The crack front in the positive direction is followed by a slip pulse with a velocity close to C GR .
We note that along with the transition in the symmetry properties and mode of ruptures, the maximum slip velocity decreases from Fig. 10(a) to Fig. 10(f) . These results can be reconciled with other studies using slip-weakening friction by noting that in the cases leading to Figs 10(a-b) the nucleation zone is smaller than that required for dynamic instability without a material contrast (e.g. Andrews 1976 ), whereas for the cases leading to Figs 10(e-f) it is larger.
The slip velocity in Fig. 10 (f) with f s − f d = 0.75 is larger in the negative direction than in the positive one. This suggests that the rupture velocity in this case is supershear, in which case the bimaterial effects are reversed and there is reduction of normal stress in the negative direction and increase in the positive one (Weertman 2002) . The spatio-temporal evolution of slip velocity for a bilateral crack-like rupture generated with f s − f d = 0.7, τ ∞ = 66 MPa, and γ = 0.2 is plotted in Fig. 11 . In this case, the rupture accelerates rapidly to supershear speeds in both directions and then approaches gradually the slower P wave speed in the negative direction P − and the faster P wave speed in the positive direction P + . The initial crack rupture front in the positive direction is followed by a wrinkle-like pulse with a velocity V + r ≈ C GR . 
Supershear pulses with a larger V force
As indicated in the previous sections, our simulations with a gradual imposed source that expands with subshear rupture velocity, and are associated with f s − f d < 0.4 that leads to unilateral wrinklelike ruptures, do not produce supershear pulse in either propagation direction (Table 2) . A supershear pulse may be induced by using a more vigorous source, which can be achieved with our nucleation procedure by increasing the rupture velocity of the imposed source. In this section we present simulations that use an imposed source with same size as before (Table 1) and an expanding velocity of V force = P − = 4330 m s −1 . Fig. 13 shows the spatio-temporal evolution of the slip velocity for a case with 20 per cent material contrast across the interface, τ ∞ = 66 MPa and f d = 0.65. In this and other cases with small f s − f d and high V force , there is a stronger rupture pulse that propagates in the positive direction with V + r ≈ C GR and a weaker pulse that propagates in the negative direction with V − r ≈ P − . If we increase the initial shear stress to 70 MPa while keeping V force and the other parameters the same, we obtain a pulse in the negative direction that propagates with V − r ≈ P − over the entire calculation range (Fig. 14) . However, the amplitudes of slip and slip velocity in the negative direction are again considerably smaller than those associated with the primary wrinkle-like pulse in the positive direction. Simulations with values of V force between 3500 m s −1 and 5000 m s −1 (≈P + ) produce similar results (Table 2 ). material contrast across the interface and (3) difference between static friction and initial shear stress. Using 2-D finite-difference calculations, we construct phase diagrams that separate ranges of values of the above three factors leading to unilateral wrinkle-like pulses from ranges that lead to bilateral crack-like ruptures. All simulations begin with an imposed bilateral rupture in a limited source region that expands symmetrically with a velocity V force . In most cases, V force = 2475 m s −1 = C GR for 20 per cent contrast of shear wave velocities across the fault. This value is also about 0.9 the Rayleigh wave speed of the stiffer material and about 0.9 C GR for a few percent contrast across the fault (e.g. γ < 0.05). A propagation speed of C GR is a stable rupture velocity along a bimaterial interface (e.g. Weertman 1963 Weertman , 1980 and is at the high end of rupture velocities that are inferred for most large earthquakes (e.g. Ben-Zion 2003) . The employed smoothly expanding source is constructed (Andrews & Ben-Zion 1997) to gradually approach conditions that may be typical to the ensuing spontaneous ruptures. A more realistic initiation procedure would begin with a gradual expanding creep in a small nucleation zone (e.g. Dieterich 1992; Rice 1993; Ben-Zion & Rice 1997) . However, this is computationally more challenging and is not employed here.
The bimaterial effects (dynamic dilatation at one rupture tip and dynamic compression at the other) increase with propagation distance along the bimaterial interface. It is thus important to perform calculations over large propagation distances that would allow separation of early transient effects from later (ideally limit) evolutionary behaviour. However, the dynamic reduction of physical length scales in this problem, associated with Lorentz-like contraction and the Adams (1995) instability, produces with certain parameters strong numerical oscillations (Fig. 10) , and limits the propagation distance (or equivalently number of calculation steps) and parameter values that can be simulated reliably with the employed code (Andrews & Ben-Zion 1997; Andrews 1999; Ben-Zion & Huang 2002) .
Within current computational limitations, we find that the symmetrically initiated ruptures evolve for broad ranges of realistic conditions to unilateral wrinkle-like pulses in the positive direction (the direction of slip on the compliant side of the fault). This result is compatible with expectations based on analytical studies (Weertman 1980; Adams 1995) The available laboratory data on rock friction indicate that the difference between the static and dynamic coefficients of friction is smaller than about 0.3 (Dieterich 1978; Marone 1998) . With the employed (constant-size) nucleation procedure, the degree of material contrast needed to produce a transition from bilateral to unilateral rupture does not depend in this range on the value of f s − f d (Fig. 9) . However, if f s − f d is larger than about 0.5 there is a transition from wrinkle-like slip pulses to bilateral crack-like ruptures (Fig. 10) . The transition near f s − f d ≈ 0.5 is associated with high-frequency oscillations that might be interpreted as a train of pulses. As the difference f s − f d increases further, the amount of high-frequency oscillations decreases and the ruptures propagate over the calculated distance as stable bilateral cracks (Figs 10-12) .
As mentioned in the introduction, bimaterial interfaces with degrees of contrast in the range for which C GR exists are present in the structures of large faults, and within this range the bimaterial effects increase with the degree of material contrast. For given initial shear stress and friction coefficients, the simulated wrinkle-like ruptures become more energetic, with higher slip and slip velocity, as the degree of material contrast increases (up to the value for which C GR exists). As might be expected, the ruptures also become more energetic as the initial shear stress τ ∞ is increased toward the static friction f s σ ∞ . The simulations show further that in cases leading to wrinkle-like pulses, the transition of rupture from bilateral to unilateral propagation occurs (Fig. 8) with smaller difference f s σ ∞ − τ ∞ for lower degrees of material contrast γ . In cases for which the bimaterial effects are significant and the rupture evolves to a unilateral wrinkle-like pulse, the rupture velocity in the positive direction V + r is always near C GR (Table 2 ). In such cases, the propagation velocity in the negative direction V − r (before the pulse dies out) is also very close to C GR , as long as V force in the imposed source region is close to C GR . Simulations with imposed rupture speed in the source region close to the P − wave velocity can excite a rupture pulse in the negative direction with V − r ≈ P − . These results are in agreement with previous numerical calculations (Harris & Day 1997; Cochard & Rice 2000) and analytical results (Adams 2001; Ranjith & Rice 2001) . When the parameters are such that the bimaterial effects are not significant (and the initial shear stress is close to the static friction), we obtain supershear ruptures with velocities between the fast and slow P wave speeds. These results are compatible with previous theoretical and observational results for rupture in a homogeneous solid (e.g. Andrews 1976; Rosakis et al. 1999; Abraham & Gao 2000; Ravi-Chandar et al. 2000; Kubair et al. 2002; Coker et al. 2005) .
Our parameter-space study provides a framework that can be used to understand various results obtained in previous numerical simulations (Andrews & Ben-Zion 1997; Ben-Zion & Andrews 1998; Harris & Day 1997; Cochard & Rice 2000; Ben-Zion & Huang 2002) and related laboratory experiments of sliding along bimaterial interfaces (Anooshehpoor & Brune 1999; Xia et al. 2005) . In the experiment of Anooshehpoor & Brune (1999) , the frictional and material properties were apparently in the range for which the bimaterial effects are significant, and the gradual loading produced wrinkle-like ruptures that propagated in the positive direction with a velocity V + r ≈ C GR . In the experiment of Xia et al. (2005) , the bimaterial effects were apparently less pronounced and the abrupt loading in the imposed source excited in some cases a pulse that propagated in the negative direction with V − r ≈ P − . Laboratory data that target broader ranges of parameters will provide additional important constraints. For earthquake applications, it would be useful to use an initiation procedure that approximates the conditions leading to typical large earthquake ruptures (i.e. gradual loading or initial imposed rupture with subshear velocity). In addition, it would be useful to quantify the degree of rupture asymmetry in various cases by measuring (as done in Fig. 7 and related phase diagrams) the potency values that are generated in the positive and negative directions.
Wrinkle-like ruptures have remarkable dynamic properties that may be relevant to many issues of earthquake and fault mechanics (e.g. Ben-Zion 2001). One important unresolved issue is the range of realistic conditions (if any) for which wrinkle-like ruptures can produce opening modes and the associated dynamic process. Clarifying rupture properties over the range of parameters for which our calculations develop large numerical oscillations (white area in Fig. 12 ) will provide a better understanding of the transition between crack-like and pulse-like modes of rupture. Finally, it is important to perform additional in situ tests of signals predicted for wrinklelike ruptures as done in the seismological and geological studies of Rubin & Gillard (2000) , McGuire et al. (2002) , Lewis et al. (2005) and Dor et al. (2006a,b) .
